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Profetsor Joseph *. Rowell, 

Secretary of the Paoulty, 
Wascacturtttia Institute of Technolo ys, 
Cambridwe, Beacachuseths, 


Dear “ir: 


ti partieol fulfillment of the reguirements 
for the dearée of Waster of cliente im Soroneutieal 
Emcineerin), We heret; sut¥mit «© theels wntitled, 
“The a conetruetion, ond inetalletion of a 
Vest or the Study cf Plow in Soztlea.” 
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The object of thie orp jest wes tr dealim, coietrwns, 
an® inotel! tn We das Turdine Lavorttory « teat 
model for Wie study of fiow tm noseles. This ob jest 
wae Schievel ant the @odel te now ready for teet vou. 


Tels thecis imeluder « 2ieouseion of probjeme suivyed 
in te dewiem, & complete description of the modal, 
ond « Gicduer\an af Qo ureduree to Oo used and romelte 
te We etipectod when the agopareatus is ured in teste. 





; A UTR TL 


The ob jeet of this Wiesisa sas 





to Gesigm, ovnetruct, inetali, unt test 1f pomsible, in tie 
limited time available, a nozzle cascade wodel in the Varieble 
Density ©ind Tunnel in the aa Turbine Laboratory, 

The besic nozrle c@ecade was furnished vy the General Aleetris 
Company; the Slede sections are donble soale reproductions of 
some in current use in lerze turhines, ‘4round tis mate 
blade a “odel was designed t» incormorate the necessary fea- 
tures for comducting a complete pressure survey throwd: the 
nogrie DesSace and in the exit plane of the cascade, The 
@odel is also equipped with optical flats mounted on esech 
side wall for use with the interferoneter in mMeking @ Survey 
of fensity cradients and seneral flow pattern to study the 
boundary Layer. 

Tre installation will permit teats to be made at either a 
constant Yach Number or ea constent Meynolds' umber, end the 
effects of each can be isolated. It is exnected that over- 
ail Wach jumbers from 6,4 to 0.95 and “Nernolds! “Swabers from 
10,000 to 300,000 will te obtained, This should give e 
number of interferometer barul suifts rangine from 1 to 50, 
The desivm was completed under the direction and with the 
assistance of Yr. Mens kraft of the opneral Sleetrie Company 
and Profesfor Rh. S. Taylor of the “erpenavtiesal Sneineerine 
Department, The General Electric Cw mwany manufactured the 
modei, The necessary large piping for the wil tunnel wes 
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gatufactured by a Local contractor, emt the optical 

flats were furnished by ferkin-llmer Corporation of 
Glenbrook, Camecticut, The inetallation was completed 
wits the able assiatence of the Ses Turbine Laboratory 
perponnel. 

Due to the delays end difficwlties encecuntered in the 
marafecture ani installation of the varlous compomnts 
tine Gd not permit more tllan Dert of the creliningry test- 
ing of the model. The installation was checked t»orouwmly 
for leaks and far proper functioning; of all components, 

fhe installation Le now ready for the tests for ehich it 
was desivmmd, and preliminary runs indicate that the de- 
eign Le satisLactory. 

licto: 





& eensidereble amount of teete- 
ing has been done by the General Vlectrie Company on the 
blades used in this carcude and sene curious flow eftnete 
have Been noted, Lowses in efficleney errowpanied these 
effects. The facilitios avallatle eat tim thee dildo mot 
dliow & scemblete s@€psreatioh of the effects of Vach usiber 
ani S@ynoldis' wauber. In order te investigate the orodlem 
more tooroigvily, it was sugrested that at Interferometer 
Be used in conection eit « variable deuetty wind tunnel 
emi "he Bassachusetts Institute of Techuclorpy was asked to ~ 
continue the study, 

ie. Propesed eope of Investisation, It sae intended tet 


tents be cand» tad Vor she eventual deterslaetion of Uw 
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nogzle effloleneies at several vaiuee of Mach Suvsiber and 
feynolds! tember, initoating their reletive effects, mM 
edition, the 





nterfer meter mre to Pe used t) supplement 
the alow® Thforeetion uni to permit & atuidy of thw nowrtle 
flow wit). Oertiowlar reperd ‘or the boundery layer, 
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Test “odel 


Tia.  iwsinn of Sodels The firet atep taken toward tue 
design of the motel wan the con#truetion of Wigare ‘a'. 
A shareeterLatic lencth of 1/8 tnoh, besed an tle width 
of the mowkle Uhrowts, Whe used in the compute tion of 
Reyoolis! Saver Tor var}oun pressure ratios. Using the 
equation (see Appemftz) given by Gilvert 4. Gleoimen Lp 
nie thesi= eutitled “The Design Development art “esting 
of Ywo-Vimensional Sharp cornered Supersonic Nosdles" - 
the mumher of ompected intearferagras bernd s.ifts Were 
eamputed for wirlous pressure rat)os arnt pressures. 
These results were plotted es shown in Figure a! and 


spovide # eicture of the arwas to be covered. 


Tt eee required bz the aypwen@or, vere fel CGlectric \ ompary, 
thet the cageade section be composed of Plades supplied 
by them. The nozzle throats were siso estabil#hed as 
1/2 inch wide, Due to spece limitations in the throat 
of the interferometer end aleo due to the desirablilty 
of decreasing as much as boretble the side wall ci-ects 
by using & large model width, it was @ecided that a G- 
tneh Plede leneth vas the beat compramlee, It war “1989 
G@esirable to include «5 “kny peste es as soreible to 
nullify end wall effects, but ihe oretlanie eir supply 
limited this @leension. én of mumiper of passeges WAS 


necessary to insure eual ond wail effects on the middle 
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paseage which vas to be sul jected to the Lnvesti ation, 
Usine the basic equation #hewn on the shart, ripare 5 

eas comet ted Oiowing the compressor eapebllitios; 

Asta for this curve was Supplied by the (des Turbine Lebrre- 
tory, With this chert Lt. was fcoided that 7 pencexed with 


& total throat arena of ©] squere inches would We uldéd, 


Proviston tert to Be made for emunting the eptiowl finsa 
tluvoagh @aicd the interferometer exposures Would Se mde. 
THe @pomeor desired a lerge fielt of view wuich was to 
include w commlete nozzle passage. After due censideri- 
tion of mounting problems, sre& coverage, pressure tap 
leeds, and blade supports the winlows were Loreted as 
shown in Pirures 'H' and 'I', Holes were drilled in tie 
winiowrs to admit supports for the blades, but clearmmens 
are orovided end no side loads are taten ty the vias, 


It was important that provision be wade for taking a 
pressure traverse across the nossle exits. “nis Fas 
acnompLlichel br designing the airtight slide and siitine 
tube assembly siown im Figure 'K?, This assesbly permite 
A jreverte te Fe wae eovering the wwle eeseete exit ren 
im a plane 0.4 inehes bebind the blade trellial edges, 

The geuneor Gealoneted Mie lomstiom o tite sfetls pressure 
oeiTacea th “ue ettee of the satale wosatle. These are 
divown im Piguree 'C' through '/t' and Pigwem 's', "a, 


and 'S'. The pregaure tubes ar@ corrie’ ol tirongh the 
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sides of the solel, throuh the Olade sapoorts, 
The blueprints fram wich the sodel eas een semred ore 
on file 1% te Tae Turbine Laboratory office. 


IIb. Dereription of Nodel. The model is @.own conmmiste 





in Pi ures 'I' through '#', The model cesine 15 mede 

ef 3/8 inch steel Slate and i aisort entirely belted to- 
metiver ier ease in disassdesbly. 611 meetine surfeoen heave 
Veen round eni the nece@sity for using sa@aleant in these 
goints is obviated, ‘The interior surfece of the casing 
has 4 »round inish and greet care hes been tallen to males 
the eniire eodel 9 pracision instriment, 


Yhe bdal: con ormation includes the two side plates wh Li’. 
provide a lowition for the «lass wintorws, These «ide 
Dletes may be moved one blade spacing by adding or Ponor- 
in the aperer chown immediately ahead of the exit Muon 
in Pi wee '', Thies relocation of che nides oerrelie an 
interferometer atudy of the noeele Tollowlne the one of 
orimary interest. in a@#@ition, an extra side las teen 
provided for the right siue of the sede) to permit the re- 
quired exit plane traverse to We wate, This side Le shorn 
in Figure 'K!, 

The optical Slate whieh oive « clear eres of 6 Lneh Gieow ter 
are loomtei on alter side ef the moztles te De ewlied, 
These flats were serv to the seme decrwe of eceuracy, 


1/20 of & wavelensth of vinlet Light of were there used in 
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She interferometer. Two boles for the bléde sugporte ape 
located in each window, ‘These windows re so mounted, 
seated im lead, that no interruption of flow will oerur 


at their eflewes, 1.¢. th® interior wall is perfectly smooth. 


The tlade supmerts pro&jecting throuvh the windows wre “urther 
supported by ers projecting trom the window @ountin, rites. 
Thies ie divadvantegeous heemuse it decreases the fteld of 
view Dut no other completely satisfactory solution oould 

be devised, ‘The blede supports sre not in contact with 

the ,less end the windowe therefore support no loma with 

the exeeption of tne air load due to their scxvosed sarees 


which they will carry with no recognizeble distortion. 


Statice presaure orifices are lecated in both biades Bor- 
dering tne widdle nozzle paseage and have Seen dl aoursen 


Ain the oreceding subsection. 


Yigwre 'T' s:ome the third side im Flaeo anti Biso Mors 
how the pressure btraveree is made. A HOyod clide hee owen 
ineormoreted into tte side oleate @na this siixe in tum 
holds # §1243n tube wich amy also be poetated 360°, The 
impact head Le fixed to the end of this tube. The slide 
pernii® trevel in the “ireetian of flow, the tube permite, 
travel eAroas Wie casemhe section, am: the rotation of Nee 


tube permiis the determination of flew Glrectione 


An acoets oleate le located iA thé bob of the Godel. This 
elate ie intended to O@r@lt Beces# to the interior of the 
pxiel *ituout Gietarbing the «ritioel mouhting of the opti- 
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The wodel was designed sush thet 1t woull repléece on 
6lvoow in the 24 inch steel bipe Corwine the Variable 
Density Wind Tunnel circult. Snort lemeths of pipe 

were uS@i 88 Fpacers tt) ralse the worlel ts an averaze 
height of eye. Due to the Limited interferscrmeter throset 
widt. 1t wee Ff wand necessery to Oonsetruact « Teclenculer 
@ectlon to repleee the lerge Pipe Giractly under the model. 
This Ppequired & deerwase in flow srea and cecsibly whil 
hav® & Geletertous effect upon the Diuniery le yer in the 
Motiel inlet. The installation ts shown in Tigures '"3' ond 
yr. 

The aif seréen Shown in Pigure '?' was designed te stop 
all rotet onal flow and te break ap all lerge teale tuwe- 
lence in the flow before it reethed tue Bodel, Tie soreet 
is eemposed of apcroximately 50 aluminum tutes, & 1/8 inet 
2D. and 25 inches long. A M mech srreen covers both the 
inlet ead outlet of tie air sacreen. A large meek comwrviert 
metal soreen is used at Gach ext te insure that the tubes 
will remain in pleee. The assembly is inztalled in the 
tunnel citemit arproximately 7 1/2 feet mhead af the model 
entrance, tne Flan e on the eLlr screen bela eclaepe. be heoon 
the two clipe flenee faces shown clos*® te the Fleer in 


Fieures "8? and "ot, 


A sharp edged orifice with « breeeure tad on Gen #ide is 
located in the tunsel circuit, sermittiare om becurate de- 


termination of mess flow to be smde. Thies orifice £111 mot 


effect flow in the model, J 





A trereerenucde f¢ lewlealied 1) ite Lewwe Clore Loading 
inte Gon tet esde ily. PENE Uno Imetellotics of & tatel 
preiwche tbe 3h tha fame pmoere! [ork tien tne sepia te 
determination of pntraner cuetitiane ses "@ ae, A 
atetic ormimare mpi tice Losaaed tt be Giri ukem seefion 
of tht shew’ ©1210, 60 ewhfenwiess “ite The Coke! oeeseure 
tae atin, seretic tee ealeutetac of fie 'reersll dent 
Waser’! of te Clow | 


&Ll proewupe SPL itee and tira were csmmersed to A hank of 
nereury cenemcters by weane Gf plastia ‘etrigper' savin. 

A Depal © 56 weavers Le OrqQuired itr tne necessery ©rer- 
Save Pie te, Gee OOeeoe WLLL oe ceeded lor etowenlierie 
pases, 
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Tolhe tee CONTRI] Genalty «int aut ea) the interfere ter 
a atrods ofeee, commrareiole, tert leeowlome 1] Flew wild 
we expatzet.! “lew toweug) tbe pede! Le oomshdered &- 
vary (.ewrtic ev ter rershere #0 ee eo te Se of Leamherr 
bag shed, ioges ater Gh 4 9xtel, ew pomtaitiores 
meotiai Sia, 

Gr ater by mcebrse The rowslté ecet affectigoly It te de- 
eirakit $4 2m Sie a4et wen Le cote 4 ere he the oT 
feat *o Goby Wretir cee be Petinei ded por Ahet Of Beye 
golds! Wiuees, To 1) OLS, GAG Ger wild DO Sekt aor 
stant tte Pur Osi) Yeeulie' Samtrer oil oe ceeded. 


Tee Yeoh Suler weet te fiw ‘ever-ell! @P (uetretieal Bear 
Sumieest ht fhe @hlt woe) 1s ee Ge Cree ite Orerene STawe 
prepcure Lt fiw «41% Paseo Gh) “ee coOMnL Breese eee of 
tee SOrkLe, "Me e oo feet Oeci galls eamontat eee) Seer 
whan the loew Le total crewecne in tHe sorte bar te ore 
afon 26 “emiested, Ry rerinctier thie ‘ote ecfels yeriee 
#it) Seyuclis’ Guener, Sitvnl carbatiane ip bie eftual 

Buch Sumlier ere sured tied pobu “Seu “te preteure retio Lr 
fhei4 eanhitel. “Nede we o Re lce~ed wali wh ers moblenied 
Deosope TH Yirietion tt morele eff ittiemsy f@ not Ler. 
The preTali Sect Noweer Le 6 Hare cow TL be 6.85 appreri- 
m telp. 





The velaeity Getty luviion Le wae eceuel fo were) & 
notsle Seeeuee whil purr wecrnse oxy section peTuemelouter 
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te the avers @ flow Siewetiew. inte eee Toe Donel 
Wen Yury wer ethet epic are looper thu "me eonrane 
Wok Sawer st that mecele section. Thereiure, on ar tive 
Tirat Wel s Web eeont’ be fiw if fo ore & porves UP 
Seige Ply elalt) ord oe0t feldt Ub veel oer noeet ere 
ratios t' taterviat Wy) Seba) “ “Oeiere alenwe Wee Slade 
gerivoe., ec “Se loeoi “acy Taber Pimgéhier «2 véelve of 2,1 

Fr LLP hls eookt tin eenetiered thw Iieiting pressure retio. 








Oty Tarte’ Cneretre ta hee Leen Keel Sommer would wean oO 
oMmper Livel) ferlaae Jocs LA meeele efflsieuew ee So eSoale 
coeuming ia the ft o, 

Tae other varieain, hegmalae! Teeer, Le werin G7 hdmi 
Wve etetic treewure in tae taimel, The tewpeteturs at She 
ne@ile entrante is coaald@red cometoat emt la Gabvitelined «oe 
with tir lp 45 the Mernowouple, eentreces Coes Ue sodel, 
aul cooley al Ge emoreseur, Tue cieeecteristic iometn 

i$ the nogele threes wie tv tube sowele g6 5.) imaness 


Ine Sf the @rtocipel of jeotw of te Lewestiontion Je te 
Mion the sfTeot ca motele efTiciese, =f Lue two variabina, 
Veynmolic' Tater ani Gack Gers, Ciewe Gee noeele Ly aon- 
sidered wiinhatin ie lees ko AfTictaemy te Sue te (rietion 
Toreet votmiesk the Tl and the aieet evetages, aad alec 
frietion tn Uwe Tiutt tteelf, Orlibterioy Le daleiietes 
from the lews bn total preswure WerongG Ure noztle, anere 
this LoSa TROTeHetke © Leenatep of Aifebic aterey to heat 
energy @s u vetult of friction, 
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Thinking of an ertual twet roa af «© orto *ed) Toor 
end fepacléds! Marker ace them comelcering the feluer of 
impact pressures tecemies Gm the treverce #t Oe orit, 

tie total oree eure vary Gvep the wWesel® anit aeee. Toe 
loss iv tote) ereeraurea #111 be lerweet near the solid eur- 
feces wiles lew un tbe norvlos' boumlering, sivere, of 
eourse, the Wovrtery Lerere vorer, he tote) ereemoe 
Tor the fine ia fhe webele's centre! eorw wil) sie 
wearily is@fte cic “ieee SIA She 1068 in tate meéecine 
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APPRNDI“N 


¢, DETERMINATION OF CURVES OF CONSTANT WACK NOME oO A 
CART OF NOZTLE SPP IcteIGyY VS RETWOLUE Mumeicgs 


The efficiency of the nogszle is defined as the ratio of 
the kinetic energy of the stream leavinys the nozzle to the 
Kinetic energy of a hypothetical stream leaving a reversible 
adiabatic nozgle which is supplied with the same kind of fluid 
in the seme state and et the same velocity ani which exhausts 
to the same pressure as the real nozzle. 

The actual and thevretical kinetic enerciles of the stream 
leavin= the nozzles are found by means of the Impact pressures 
at the nozzle entrance and exit ané the nogzle exhaust pressure, 
In accordance with the definition, the followins proeedure out- 
lines the method of dJeternining the nozzle efficieney for one 
point in the nozzle exit traverse, 
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The noszle is considered to be adiabatic and therefore T9, equals 
Toa. Entering the "ne Dimensional Isentropis Compressible Flew 
Functions” table of Keenan-"aye Gas Tables with the pressure 
ratios of static oressure at nozzle exit over total inlet pres- 
sure 2 and total exit pressure #2, the terperature ratios re- 


quired for the determinetion of efficiency can be found, 
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Ddberio eer one con, L.e., for aay Bet feck amber end 
Remolde cmmmer several) total prepeure ram lings must be re- 
omisd owt the Losatian of the polnt of uel) reading noted #5 
the cite) Gintwoge Le treversed, The effictencly for each point 


at ania & prereure wat rererdet oiy “own 6© computed. These 


point efflojeucics ae Veen Wt plotted on 0 erenh of off lelienry 
vs, Sivbence ional ite Line. The orea under tits burve de- 
yilled Hy thd otic Le hen MWe intefreted hoszsle «fficleucy 
for that run, This them establishes one point on the ehert 
of neomele efficiency vo. Kevynolds mater. Jinee one of Pe 
ob Jootives of the projent is to ottain results whieh wtll 
allow one to difiwrealkiete between the effects of Yech sumbar 
ant Heynolds mawver, [t Le mecesnerr te eoke peveral mune 
aimiler <7 the one duuvttions aleve, Wit at different Neraclds 
numbers, while holding “ach mumber atthe ame vAlae, “De 
resulta of these tect2 my iam ve plottes ont a carve faire 





thenugh the points, The nae represents «& nirve of cons bent 
Gach mmder Hlattel on o chert of sotele offieteser va. 
Rewoolds mamper, Neeoating fhe rove Moe io several valut 
of Mach number e411 yield « feeliy of curves irom which tw 
separate effects of Oech nuaber am 6@yoolds mamier upon 
noskie afficiene’ may reediiy be detem iad, 
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Explanation of Auns “ace 24 Say la 


All rune were made at @ pressure retio of .tog; 
ii = .59. Thies velue wae set arbitrerily. 
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ateatic exit , 808 
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GStatie presaure in the reetungular box ehend of the 
aolel varied from 9.14 pela to 15.14 peaia. This does 
not represent the full range of the tunmaei. ‘Two more 
ejectors eould heve been Gut in to further reduce the 
tunnel pressure. The upper Limit wes governed hy the 
limite of the mereury manometer bourd, The difference 
in reedinzea of total preesure shesd (with the pitet 
static tube) and total presuure behiné (with the traverse) 
is quite saali and 6 mereury sanometer is net accurete 
enough for this purpose. The traverse wos mede ot the 
centerline position, 1.e., half wey between the two 
side walle. leven positions of the traverse were used 
to eover the exit plane af the middle neoxzale. 

7h@ exit flow engle is enrroximtely 1s’. ‘The 
traverse is set 0.3% inches from the nozzle exit, plane. 
Therefore, by simple caleculetion 1% can be Bhown that 
the traverse will be about 1.3 inehnes from 4 position 
directly over the truiling edge before the logs in tetali 


pressure of the flow next to the blade surface will be 
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indicated. ‘This is shown on the curve of efficiency ver- 
sus traverse position. It is expected that the effici- 
ency of the middle position of the passage will be nearly 
100%. The steuracy of these curves could be improved 

by taking more readings near the section where the losses 
are greatest. 

The results are plotted es efficiency vs. heynolds 
number (log .eynolds number was not used because of the 
enall rene of the test) for e <onatent Moch number of 
-59. «AS expected the curve shows an increuase of effici- 
ency with “eynolds number up to an ap arent critical 
value where 4 din in the curve shows « decrease in ef- 
ficiency. The exact neture of this dip in the curve is 
uncertein due to the sm2il number of test points in this 


range. 





TEST DATA 


For Runs made on May 24, 1949 


Position 6.0 O.1 90.2 0.5 O.8 815 1.5 1.8 2.1 


* *@ ¢@ @® « eo od @ eo ¢ @ e oe oe @ 8 eo °® oe @ e © 6°98 © eo e¢ e @ * e ® eo 6@ 


Static 511.0 505.5 505.2 505.5 506.2 506.5 59720 507.0 597.5 
Exit 

Total 418.5 413.0 4121 412.2 412.4 412.7 413.0 413.0 413.5 
Entrance 

— W1E.5 412.5 411.8 412.0 416.3 425.8 4150 414.3 414.5 


Speer © PSR HR eB eeFe se ces RCO CO FW ¢ 6% 6 © 


a. 362.0 363.5 363.8 364.09 364.0 364.0 364.0 364.0 364.0 


Total 23302 23308 23h eD 23509 23308 23309 23309 23309 23369 
imtrance 

Total 23201 23309 234.0 234.0 241.8 245.8 234.2 23h4.2 23403 
Exit 

Efficiency 100 190 1090 £190 9he2 G20 99-8 99.8 9928 


Static 32503 32505 326.0 326.0 326.0 32602 326.3 326.3 326.3 
Exit 
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